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Finding appropriate feeding and breeding sites is crucial for all insects. To 
fulfil this vital task, many insects rely on their sense of smell. Alterations in 
the habitat — or in lifestyle — should accordingly also be reflected in the olfac- 
tory system. Solid functional evidence for direct adaptations in the olfactory 
system is however scarce. We have, therefore, examined the sense of smell of 
Drosophila erecta, a close relative of Drosophila melanogaster and specialist on 
screw pine fruits (Pandanus spp.). In comparison with three sympatric sibling 
species, D. erecta shows specific alterations in its olfactory system towards 
detection and processing of a characteristic Pandanus volatile (3-methyl-2- 
butenyl acetate, 3M2BA). We show that D. erecta is more sensitive towards 
this substance, and that the increased sensitivity derives from a numerical 
increase of one olfactory sensory neuron (OSN) class. We also show that 
axons from these OSNs form a complex of enlarged glomeruli in the antennal 
lobe, the first olfactory brain centre, of D. erecta. Finally, we show that 3M2BA 
induces oviposition in D. erecta, but not in D. melanogaster. The presumed 
adaptations observed here follow to a remarkable degree those found in 
Drosophila sechellia, a specialist upon noni fruit, and suggest a general principle 
for how specialization affects the sense of smell. 
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1. Introduction 

Because the sense of smell directly interfaces with the environment, it is an ideal 
system to study adaptive responses to altered environmental conditions and shifts 
in habitat preference. An animal exposed to a novel environment or niche will pre- 
sumably alter its olfactory system over evolutionary time to encompass the 
composition of new chemical volatiles. Insects are well suited for this line of 
study, because they possess a rich repertoire of odour-guided behaviours (such 
as mating and breeding), and their nervous system is accessible as well as numeri- 
cally reduced compared with the nervous system of vertebrates [1]. 

The Seychelles endemic Drosophila sechellia (melanogaster species sub- 
group, subgenus Sophophora) — a close relative of the laboratory work-horse 
D. melanogaster — is a well-known model system for studying questions relating 
to adaptive host specialization, particularly regarding the olfactory system 
[2-8]. The D. sechellia -Morinda system has, however, a number of shortcomings 
as a model of host plant-driven sensory specialization. Ample evidence suggests 
that D. sechellia has a very small effective population size [9-11], accordingly, 
observed changes to its chemosensory makeup may be the results of random pro- 
cesses (such as genetic drift) rather than adaptations. In addition, there are also 
valid concerns over the antiquity of the Morinda association ([12]; but see [13]). 
In order to shed further light on the mechanisms underlying the evolution and 
adaptation of olfactory systems and to pinpoint processes involved in specializ- 
ation, we have here investigated the Drosophila erecta -Pandanus association, the 
second specialized insect -host system of the melanogaster species subgroup. 

Drosophila erecta is endemic to gallery forests of west-central Africa 
(Ivory Coast, Nigeria, Cameroon and Congo) and specializes on ripe fruits of 
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Figure 1. Geographical distribution of D. erecta, its sympatric siblings and the 
genus Pandanus in tropical Africa. The four melanogaster sibling species differ 
in their ecology, distribution and phylogenetic relationship. Drosophila erecta 
occurs in swampy and coastal habitats of western-central Africa, and uses fresh 
Pandanus spp. fruits as a food source and breeding site. Its closest relative, 
Drosophila orena (known from a single collection event on Mount Lefo, Cameroon), 
has an unknown ecology. Drosophila melanogaster (cosmopolitan) and D. yakuba 
(endemic to tropical Africa) are generalists. Map by courtesy of Wikipedia; modified 
from ([15,16]; http://www.mobot.org). Pandanus candelabrum image adapted 
from an original illustration. Reproduced with the kind permission of the Director 
and the Board of Trustees, Royal Botanic Gardens, Kew. 

Pandanus spp. Parkinson (Pandanaceae; [14,15]; figure 1). The 
oft-mentioned specialization of D. erecta towards a single 
host — Pandanus candelabrum — is not correct. The confusion 
stems from the fact that many Pandanus species are taxonomi- 
cally very hard to distinguish [17]. From the 20 to 24 
described Pandanus species that occur in continental tropical 
Africa [15,17], D. erecta uses at least three, and is presumably 
able to use fruits from all Pandanus species that bear fleshy syn- 
carps [18-20]. The geographical distribution of D. erecta also 
largely overlaps with the occurrence of the genus Pandanus in 
Africa (figure 1). Pandanus trees fruit only once a year over a 
period of about two months, an attribute that has resulted in 
D. erecta being termed a seasonal specialist [15]. When Pandanus 
fruits are available, D. erecta can be viewed as a specialist; how- 
ever, in times of Pandanus shortage, D. erecta switches to other 
food sources and breeding sites. During a 40-month study, 
Lachaise & Tsacas [14] found a small number of D. erecta on 
fungi, Ficus capensis fruits and, once, on a palm bud. In another 
study [15], a handful of D. erecta (but many D. melanogaster and 
Drosophila yakuba) were trapped in banana baits between two 
Pandanus fruiting events. 

In contrast to D. erecta, its sibling D. sechellia relies exclu- 
sively on fruits of the noni tree (Morinda citrifolia, Rubiaceae) 
for feeding and breeding [19,21]. Fresh noni fruits are hostile 
to most drosophilids, including its generalist cosmopolitan 
relatives D. melanogaster and Drosophila simulans. Pandanus 
syncarps are also visited by other drosophilids, including 
the sympatric sibling species D. yakuba (figure 1), a genera- 
list that prefers F. capensis (Moraceae), Theobroma cacao 
(Malvaceae) and Landolphia hirsuta (Apocynaceae) [22]. 
Although, D. yakuba (like most of the other visiting droso- 
philids) uses Pandanus fruits only for feeding and not for 
breeding [14]. By contrast, nothing is known about the ecology 
of its closest relative, Drosophila orena, which is only known from 
a single collection event on Mount Lefo, Cameroon. 



Here, we ask whether the specialized lifestyle of D. erecta 
is reflected in its olfactory system. We demonstrate that 
the D. erecta -Pandanus association has resulted in alterations 
in the olfactory system, similar to those found in D. sechellia. 
Specifically, we show that D. erecta, in contrast to its 
non-specialized sympatric relatives D. orena, D. yakuba and 
D. melanogaster, is more sensitive towards the Pandanus volatile 
3-methyl-2-butenyl acetate (3M2BA; also known as prenyl 
acetate). The enhanced sensitivity is accomplished by increasing 
a specific class of olfactory sensory neurons (OSNs); intrigu- 
ingly, this is the same class of OSNs affected in D. sechellia. 
Moreover, we show that the numerical increase in the periphery 
is accompanied by the formation of enlarged glomeruli in the 
antennal lobes (ALs), the first olfactory neuropil in the fly 
brain. Furthermore, 3M2BA triggers oviposition in D. erecta. 

2. Material and methods 

(a) Flies 

Wild-type flies were obtained from the Drosophila Species Stock 
Centre (https://stockcenter.ucsd.edu): D. erecta (14021-0224.01), 
D. orena (14021-0245.01) and D. yakuba (14021-0261.01); except 
for D. melanogaster (wild-type Berlin). For functional imaging, 
transgenic fly lines of D. melanogaster used were Orco-Gal4 [23] 
and UAS-G-CaMP3.0 [24], GCaMP3.0 flies were kept for 36 h at 
29°C before experiments to enhance UAS-reporter gene expression. 
All flies were reared on standard cornmeal medium at 25°C, except 
for D. orena (18°C), 12 L : 12 D photoperiod and 70 per cent relative 
humidity. All experiments were carried out with mated female 
flies, 4-10 days post-eclosion, except for oviposition experiments. 

(b) Fruit headspace collections 

Ripe Pandanus sp. fruits were wrapped in polyester bags (Toppits 
Bratschlauch, Germany), and volatiles were trapped with Super 
Q adsorbent filters (30 mg; Alltech, Deer field, IL, USA). Sample 
collection was done for 6 h (1.0 1 min -1 ) using a vacuum pump 
(Apex Pro, Casella, UK). Adsorbed volatiles were desorbed by 
eluting filters with 300 |xl dichloromethane (DCM, 99%; Roth). 
Samples were stored at -20°C. 

(c) Chemical analysis 

Pandanus fruit volatiles were analysed by gas chromatography-mass 
spectrometry (GC-MS) (Agilent 6890 GC, and 5975 MS). The GC 
was equipped with a non-polar HP5 column (30 m x 0.25 mm ID, 
0.32 jxm film thickness; Agilent) with helium as a carrier gas 
(1.1 ml min -1 flow rate). One microlitre of sample was injected split- 
less at 265 °C. Temperature program was 40°C for 3 min, rising to 
280°C at 5°C min -1 , held for 10 min. Compounds were identified 
by their mass spectra in a National Institute of Standards and 
Technology library search, and were confirmed by comparing the 
Kovats index with the indices of synthetic compounds. 

(d) Electrophysiology 

Gas chromatography coupled with electroantennographic detec- 
tion (GC-EAD) and electroantennography (EAG) [25] were used 
to identify the antennal responses of the four sibling species to 
the collected Pandanus fruit volatiles. Flies were mounted follow- 
ing standard procedures [26]. For GC-EAD experiments, 1 |xl of 
Pandanus extract or synthetic compound (ca 100 ng iulI -1 , in 
DCM), was injected splitless into an Agilent GC 6890 equipped 
with a non-polar column (for details see above). A 1 : 1 effluent split- 
ter allowed for the simultaneous flame ionization detection (FID) 
and the EAD of the separated compounds. Helium was the carrier 



gas; injector and detector temperatures were 250°C and 300°C, 
respectively. Column temperature was held at 40°C for 1 min, 
rising to 300°C at 20°C min -1 , held for 10 min. The GC- 
separated components were introduced into a continuous, filtered 
and humidified air stream flowing over the antennae (1 1 min -1 ). 
The EAD and FID signals were simultaneously recorded and 
analysed (GcEad-1.2.0, Syntech, Hilversum, The Netherlands). 

Determination of GC-EAD active compounds was simplified 
by converting the antennal responses into false-colour-coded 
heat maps using Fiji [27]. Therefore, EAD traces (exported in 
ASCII code) of single flies were imported into Fiji (as 'text 
image') and colour-coded ('smart'). Headspace compounds 
were determined as biologically active when eliciting reproduci- 
ble responses in the fly antennae. EAD responses were manually 
quantified with the Syntech software [28], and normalized to the 
first external solvent-elicited peak. 

Principal component analysis (PCA) was then applied 
(variance -covariance matrix), and the antennal responses were 
displayed within a three-dimensional space. With one-way analysis 
of similarity (ANOSIM), we tested by which degree the antennal 
responses of the four species differed from each other (Bray- Curtis 
similarity, sequential Bonferroni correction, 10 000 permutations). 
The similarity percentage (SIMPER) method [29] indicates com- 
pounds contributing to this dissimilarity [26]. Statistics were 
carried out with the software package PAST v. 2.11 [30]. 

For EAG experiments, synthetic compounds were diluted in 
mineral oil (Sigma-Aldrich, Steinheim, Germany) in decadic steps 
(10 -1 to 10 -5 ) to record dose-response curves. Prior to each exper- 
iment, 10 |ul1 of diluted odours was freshly loaded onto a small 
piece of filter paper (1 cm 2 , Whatman, Dassel, Germany), and 
placed inside a glass Pasteur pipette. The antennae were held in a 
continuous, filtered and humidified air stream produced by a stimu- 
lus controller (Stimulus Controller CS-55, Syntech), whose flow was 
1 1 min -1 . Odour stimuli were applied for 0.5 s into the constant air 
stream. Antennal signals were recorded with EagProV2 (Syntech). 
Control stimuli consisted of filter paper with mineral oil, which 
was applied before each odours set. Response traces were baseline 
corrected with the mean of the first second and normalized to the 
control. Statistics (paired Student's £-test; one-way ANOVA with 
Turkey's post hoc test) were done with the software InStat v. 3.06 
(GraphPad Software, Inc., San Diego, CA, USA). 

(e) Functional imaging 

To specify which glomerulus is activated by 3M2BA, we per- 
formed functional calcium imaging experiments as previously 
described [31]. Pure odorants were diluted (10 -5 , 10 -3 , 10 -1 ) in 
mineral oil (BioUltra, Sigma-Aldrich). 

(f) Single sensillum recordings 

To test the activation of the Or22a receptor by different 3M2BA 
concentrations, dose -response experiments were performed on 
the large basiconic sensilla in D. erecta and D. melanogaster 
females. Pure odorants were diluted (10 -2 -10 -8 ) in mineral oil 
(BioUltra, Sigma-Aldrich). Single sensillum recording (SSR) 
measurements were performed as outlined in [32]. Responses 
to the solvent control were subtracted. 

(g) Three-dimensional reconstruction of the 
antennal lobe 

Anesthetized flies were dissected in Drosophila ringer solution as 
described by Wu & Luo [33]. The brains were fixed in 4 per cent 
PFA (4% paraformaldehyde, 0.1 M phosphate buffer, 0.2% 
Triton X-100) for 30 min on ice, and washed 3 x 20 min in PBST at 
room temperature (RT). Pre-incubation in PBST-NGS (PBST + 5% 
normal goat serum) lasted 1 h at RT. Brains were incubated in 



1 : 30 mouse monoclonal nc82 antibody (the Developmental Studies 
Hybridoma Bank) in PBST-NGS, for 2 days at 4°C. After being 
washed 3 x 20 min at RT with PBST, brains were incubated in the 
secondary antibody, 1 : 200 goat anti-mouse Alexa Fluor 633 
(Invitrogen, Darmstadt, Germany) in PBST-NGS, for 2 days at 4°C. 
Afterwards, brains were washed 3 x 20 min at RT with PBST, and 
mounted in Vectashield (Vector Laboratories, Burlingame, CA, 
USA) on glass slides using spacers made of cover slides. 

Whole-brain mounts were studied with a Zeiss LSM 510 
Meta confocal laser scanning microscope (Carl Zeiss, Jena, 
Germany). Scans were performed for every 0.5 |xm stack with a 
40 x 10 water immersions objective (C-Apochromat 40x/1.2 W 
UV-Vis-NIR; Carl Zeiss). Structures labelled with Alexa Fluor 
633 were excited with a HeNe laser at 633 nm. 

Three-dimensional reconstructions and volumetric measure- 
ments of glomeruli were made with the segmentation software 
AMIR A v. 5.4.1 (Visage Imaging GmbH, Berlin, Germany). The 
ALs of three D. melanogaster and D. erecta females were analysed 
and compared. For each species, a template AL was chosen based 
on staining quality and shape. The terminology of the glomeruli 
is based on Couto [34]. Per species, the glomeruli volume was 
normalized to the total volume of the AL, which was equal in 
both species (D. melanogaster 63638.14 + 3992.36 s.e.; D. erecta 
68111.61 + 3847.56 s.e.). 

(h) Neuronal backfill 

To trail the convergence of the OSNs of the ab3 sensilla, antero- 
grade-neurobiotin backfills (Molecular Probes, Carlsbad, CA, 
USA) of D. erecta females were performed as previously 
described [5]. Treated flies were prepared for whole-brain 
mount confocal microscopy, as explained above (see §2g). 

(i) Oviposition site preference 

By using a two-choice assay, we tested the oviposition site preference 
(OSP) of the generalist D. melanogaster and the specialist D. erecta to 
3M2BA. Tests were generally performed as previously described 
[32] with some modifications: indication was given that addi- 
tional spatial information influences egg-laying behaviour in the 
flies. We, therefore, created homogeneous vertical structures by 
(i) gently separating the medium from the plate edges with help of 
a scalpel, and (ii) pressing the odour containing cup inside the 
medium. Experiments were conducted at 25°C, 12 L : 12 D photo- 
period, 70 per cent relative humidity. Per species, we used six 
cages of 30 flies. Flies were allowed to oviposit for 40 h. For analyses, 
eggs were counted at three different positions (vertical medium 
edge, horizontal medium surface and vertical gap at the odour cup). 

To test for the effect of odour and spatial information on 
the OSP, linear mixed effects models were performed using the 
computing environment R v. 2.15.2 [35]. Spatial and odour infor- 
mation were determined as fixed, cage identity and treatment 
served as random factors, with treatment nested in cage identity. 
The full model (with interaction between odour and position) 
was simplified by removing fixed factors step by step. Signifi- 
cance values for the fixed factors were obtained by comparing 
the models with a likelihood ratio test. Prior to the analyses 
numbers of eggs were log-transformed. 



3. Results and Discussion 

(a) Species-specific antennal detection of Pondonus 
volatiles does not reflect phylogeny 

The purpose of this study was to unravel insect -host-derived 
adaptations within the olfactory system of D. erecta to its host, 
fresh fruits of the screw pine tree Pandanus. We, therefore, 



(a) 



I 3-methyl-2-butenyl acetate j 




1 2 3 

Dmel 



5 ■ 10 11 12 

mum 



I 




Dere 





17 19 

/^jJLii IaJLlJL 



FID 
EAD 



n = 5 



rc = 5 



/i = 5 



1 2 3 4 56 7 8 910 1112 13 14 1516 1718 19 




PC2 

(26%) 



(c) 



a Dmel Dyak * Dore • Dere 



< 



40 
30 
20 



13 10 



0 




10" 



io- 4 



10- 



10- 



io- 



Figure 2. Antennal response spectra of the four melanogaster sibling species — evoked by the Pandanus sp. fruit headspace volatiles. (a) Headspace odour of 
Pandanus sp. fruits (upper part) and EAD responses (lower part). Bar stands for 1 mV of EAD response. Active compounds are coded as follows: 2,3-butanediol 
(no. 1), ethyl butyrate (no. 2), ethyl isovalerate (no. 3), isoamyl acetate (no. 4), 2-heptanone (no. 5), styrene (no. 6), 3M2BA (no. 7), ethyl tiglate (no. 8), 6-methyl- 
5-heptene-2one (no. 9), ethyl hexanoate (no. 10), linalool (no. 13), phenethyl alcohol (no. 14), benzyl acetate (no. 15), ethyl benzoate (no. 16), isopentyl hexanoate 
(no. 17), (3-phenethyl acetate (no. 18). Peaks (no. 11), (no. 12) and (no. 19) are unidentified. Emphasized in pink is the novel Drosophila ligand 3M2BA (no. 7). 
(b) PCA (variance -covariance matrix) of quantified GC-EAD responses. PC1, 2 and 3 are plotted in three-dimensional space (79% cumulative variance). Species differ 
significantly from each other (one-way ANOSIM; Bray-Curtis distance; /? = 0.78; p < 0.001). Isoamyl acetate (no. 4), 3M2BA (no. 7) and phenethyl alcohol 
(no. 14) most supported to the observed dissimilarity (SIMPER; all groups pooled; cumulative contribution 30.8%). (c) EAG dose- response curves of 3M2BA 
from the four species. Drosophila erecta is highly sensitive to 3M2BA, starting at 10~ 5 (paired f-test, **p < 0.01, emphasized). Drosophila erecta differs from 
its siblings (one-way ANOVA; Turkey's post hoc test; p > 0.05 n.s.; *p < 0.05; **p < 0.01). Mean + s.e. In all graphs, species abbreviation and colour-code 
is as follows: D. melanogaster (Dmel, red), D. yakuba (Dyak, green), D. orena (Dore, violet) and D. erecta (Dere, blue), and n = 5 per species. Pandanus candelabrum 
image adapted from an original illustration. Reproduced with the kind permission of the Director and the Board of Trustees, Royal Botanic Gardens, Kew. 
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followed a comparative approach using electrophysiology in 
four sympatric melanogaster sibling species (D. melanogaster, 
D. yakuba, D. erecta and D. orena; figure 1) with different 
host specificity and ecology (in the case of D. orena, with 
unknown ecology). First, we sampled volatiles from fresh 
Pandanus sp. fruits. The collected headspace was then exam- 
ined for antennal activity in linked GC-EAD experiments 
[25]. Performing GC-EAD experiments with D. melanogaster, 
D. yakuba, D. orena and D. erecta as natural odorant detectors, 
we found a total of 19 volatiles eliciting reproducible antennal 
responses among the Pandanus-emitted volatiles (see figure 2a 
and electronic supplementary material, figure SI). We ident- 
ified the biologically active compounds via GC-MS, through 
library comparison and co-injection of synthetic standards. 
We succeeded in identifying all but three minor peaks 
(nos 11, 12 and 19). 

Notably, the Pandanus bouquet evoked species-specific 
response spectra on the fly antenna. However, only few 
and typically fruit-related compounds [36] induced very 
strong responses in all species (see figure 2a and electronic 
supplementary material, figure SI). We next asked whether 



the antennal response spectra towards the Pandanus bouquet 
varied between the four different species. First, we examined 
if the antennal response spectra simply mirrored the phyloge- 
netic relationship between these species. To address this 
question, we performed a PCA based on the quantitative 
EAD responses to the 19 active peaks in the Pandanus head- 
space, and plotted the results within three-dimensional 
space (figure 2b). The D. erecta measurements formed a dis- 
tinct cluster, which did not overlap with D. orena, its closest 
relative. Instead, D. erecta grouped closer with D. yakuba, a 
species also attracted to Pandanus syncarps [22]. On the 
other hand, D. orena clustered closer to the generalist 
D. melanogaster. The PCA, hence indicates that the genera- 
list D. yakuba and the specialist D. erecta show similarities 
in their antennal response spectra, perhaps owing to the 
common food source [14]. The distinct clustering of the four 
species was mainly based on differential EAG responses to 
the three compounds, isoamyl acetate (no. 4), 3M2BA (no. 7) 
and phenethyl alcohol (no. 14; figure 2a). We thus conclude 
that the recorded olfactory responses of the different fly species 
probably reflect lifestyle rather than phylogenetic relationship. 



(b) Drosophila erecta displays increased antennal 
sensitivity towards a key Pondonus volatile 

Whereas, isoamyl acetate and phenethyl alcohol are common 
natural fruit ligands [36], 3M2BA attracted our particular 
interest. 3M2BA is fairly rare in nature, but has previously 
been reported as a diagnostic volatile from Pandanus syncarps 
[37]. Although 3M2BA was a relatively small constituent of 
the Pandanus fruit examined here, it evoked strong antennal 
responses in the GC-EAD experiments (figure 2a). Accordingly, 
we next examined the sensitivity of the four species towards this 
novel Drosophila odour ligand in more detail. In dose -response 
experiments, we recorded electroantennogram (EAG) activity 
from the four species, using synthetic 3M2BA as stimulus. The 
specialist D. erecta was considerably more sensitive than its rela- 
tives towards this Pandanus volatile (figure 2c). Our findings 
thus parallel earlier studies from other insects demonstrating 
increased sensitivity of specialist species towards host-specific 
volatiles [38,39]. In short, we assume that the increased 
sensitivity of D. erecta to 3M2B A represents a host-specific adap- 
tation towards use of Pandanus syncarps. Next, we wondered 
which olfactory receptors (ORs) are activated by this ligand 
and where the respective OSNs target in the brain. 

(c) 3-methyl-2-butenyl acetate predominantly activates 
ab3A type olfactory sensory neurons 

To identify OR(s) activated by 3M2BA, we next performed func- 
tional imaging of the AL. Briefly, the AL consists of subunits, the 
so-called glomeruli, which are formed by afferents of the OSNs; 
these in turn are housed in the sensilla that cover the insect 
antenna. OSNs expressing the same receptor converge onto 
one specific glomerulus [40]. Because transgenic D. erecta are 
still not available, we performed these experiments with D. mel- 
anogaster females expressing the Ca 2+ sensitive reporter 
GCaMP3.0 [24] from the Oreo promoter to get an indication of 
which glomeruli and, consequently, which ORs were activated 
by 3M2BA. Stimulation with diagnostic odours and comparison 
with the map of the fly AL [34,41] enabled us to identify activated 
glomeruli (figure 3a- c). 3M2BA activated three glomeruli, DM2, 
DM5 and DM6, of which DM2 showed the strongest response 
(figure 3a). In D. melanogaster, DM2 receives input from ab3A 
type neurons that express the olfactory receptor Or22a [42]. 
This neuron type detects fruity esters in D. melanogaster [36] as 
well as in the other species of the melanogaster species group, 
including D. erecta. The signals measured from the DM5 and 
DM6 glomeruli probably stem from light scattering from the 
strongly activated neighbouring DM2 glomerulus. 

To verify that ab3A OSNs in D. erecta underlie the responsive- 
ness towards 3M2BA, we next performed SSR from the three 
large basiconic sensilla in this species. Indeed, these OSNs 
respond to 3M2BA in D. erecta (figure 3d). In addition, we also 
noted responses from the ab2A neuron towards 3M2BA, albeit 
only at high concentrations. Dose -response experiments per- 
formed from OSNs in ab2 and ab3 sensilla also demonstrate 
the high sensitivity of ab3A neurons to 3M2BA (figure 3e). We 
note that in the functional imaging experiments, no significant 
increased activity was observed from the DM4. This discrepancy 
is probably owing to the low sensitivity of the ab2A OSNs 
towards this substance, making it difficult to observe the signal 
with conventional functional imaging. In line with the notion 
that the signals from the DM5 stem from light scattering from 
DM2, we also recorded no increased spike firing in response to 



stimulation with 3M2BA from the ab2B OSNs, whose axons 
target DM5. 

Interestingly, the specialization of D. erecta towards 
Pandanus thus appears to involve the same pathway as affected 
in D. sechellia. In D. erecta, the ab3A/DM2 pathway mediates 
information regarding the Pandanus volatile 3M2BA, whereas 
in D. sechellia the homologous pathway handles the major 
noni volatile methyl hexanoate. In D. sechellia, the increased 
sensitivity to the noni volatile is also accompanied by morpho- 
logical alterations within the AL. Hence, we wondered if we 
would also find similar modifications in D. erecta. 

(d) Adaptation is mirrored in the internal and external 
olfactory organs 

To identify potential changes in the morphology of the olfactory 
system, we next reconstructed ALs of D. erecta, and compared 
these with the well-established AL structure of D. melanogaster 
(figure 4a). The AL of D. erecta revealed a complex of four 
enlarged glomeruli at the medial lateral site. Comparing these 
with the AL atlas of D. melanogaster [34,41,43], we identified 
these as homologous to DM2, DM4, DM5 and VM5d. The rela- 
tive volume of all glomeruli was enlarged up to 2.5 times 
in D. erecta, compared with D. melanogaster (DM2 x 1.73; 
DM4 x 1.71; DM5 x 1.6; VM5d x 2.5; figure 4a(ii)). 

The main factor contributing to the increase in glomerular 
volume is probably enhanced antennal input, i.e. a higher 
number of a certain sensilla [3]. In the D. erecta AL, the most 
enlarged glomeruli (DM2 and VM5d), presumably both receive 
input from OSNs housed in ab3 type sensilla. Indeed, using data 
from a previous study [4], we estimated the number of large 
basiconic sensilla for the species under investigation, and 
found a higher percentage of ab3 type sensilla in D. erecta com- 
pared with the other species (figure 4c). The increased volume of 
both DM4 and DM5, which receive input from OSNs housed in 
ab2 type sensilla can also be explained by a proportional increase 
of these sensilla in D. erecta. The larger spiking neuron in 
this sensillum type, which targets the DM4 glomerulus, also 
responded to 3M2BA, albeit only at high concentrations. 

To further verify that the enlarged glomeruli in D. erecta 
receive input from ab3 type sensilla, we next labelled OSNs via 
anterograde-neurobiotin backfills, allowing us to connect phys- 
iological response with the neuronal correlates in the AL [3]. 
Indeed, the 3M2BA sensitive OSNs housed in ab3 type sensilla 
of D. erecta target the enlarged glomeruli (figure 4b). 

In short, adaptations towards use of Pandanus in D. erecta 
parallel to a striking degree those found for the noni-specialist 
D. sechellia, even involving the same subpopulation of OSNs 
and receptor genes. However, some distinctions have to be 
emphasized here. First, in D. erecta, unlike D. sechellia, increased 
sensitivity is not based on the complete replacement of another 
type of sensilla (figure 4c). Second, while ab3A neurons in 
D. erecta are increased in numbers, the homologous neurons 
in D. sechellia also display a change in sensitivity (figure 3e). 

(e) 3-methyl-2-butenyl acetate triggers egg-laying 
in Drosophila erecta, but not in Drosophila 
melanogaster 

Having unveiled the olfactory detection of host-derived signals 
in D. erecta females, we next examined the behavioural rel- 
evance of 3M2BA. Egg laying in Drosophila is a behaviour 




(ii) 




Figure 3. Identification of ORs activated by 3-methyl-2-butenyl acetate via functional imaging and single sensillum recordings, (a) Functional imaging in D. melanogaster. 
Representative recording of both ALs performed with 3M2BA (i), and activity traces of the DM2 glomerulus (ii) in response to the same set of odours as used in (c). Error 
bars represent s.d. (b) Glomerular atlas of the AL. (c) Representative recordings performed with different reference stimuli (EHX, ethyl hexanoate; BEA, benzaldehyde; and 
MOL, mineral oil) and different 3M2BA concentrations illustrate the strong activation of DM2 glomerulus by 3M2BA (i). Images are individually scaled to the strongest 
activated glomeruli. Values below the M/F threshold are omitted to illustrate the specificity of the signals, as well as the glomerular arrangement as visualized by the 
intrinsic fluorescence. Corresponding odour-induced activity (average % AF/F) plotted on schematic ALs (ii). (d) Single sensillum recording (SSR) measurements of 
the large basiconic sensilla in female D. erecta illustrate strong activation of the 0r22a receptor (ab3A neuron) by 3M2BA. At higher concentrations, 0r59b (ab2A 
neuron) is also activated, (e) SSR dose -response experiments performed on ab2 and ab3 sensilla in D. erecta (blue: solid line, ab3A Dere; dashed line, ab2A Dere) 
and D. melanogaster (red: solid line, ab3A Dmel; dashed line, ab2A Dmel) females with 3M2BA. Mean + s.e. 



that is under strong selection pressure [44]. We, therefore, 
tested the specialist D. erecta and generalist D. melanogaster 
within a two-choice oviposition experiment by offering them 
either a control or 3M2BA (figure 4d). There are indications 
that flies preferentially lay eggs along vertical structures 
[45,46]. We, therefore, implemented spatial information, in 
addition to odour information, into our experimental set-up. 

Considering the effect of spatial information, both D. erecta 
and D. melanogaster clearly preferred the vertical medium sur- 
face over the vertical gap around the odour cup, and over the 
horizontal medium surface (D. erecta, p = 0.003; D. melanoga- 
ster, p = 0.002; figure 4d; solid blue bars). However, 3M2BA 
only triggered oviposition in D. erecta, but not in D. melanoga- 
ster (D. erecta, p = 0.003; D. melanogaster, p > 0.05; figure Ad; 
transparent bars). More strikingly, this effect was strongly 
enhanced when combined with spatial information (vertical 
structures). In combination with 3M2BA, D. erecta laid signifi- 
cantly more eggs inside the vertical gap around the odour cup 



than along the vertical medium surface (D. erecta, p < 0.001; 
D. melanogaster, p > 0.05; figure 4d; solid pink bars). 

Preferring vertical edges for egg-laying might be advan- 
tageous for flies in general, because it may provide protection 
from predators and desiccation. It is conceivable that both 
odour and spatial information are needed to indicate reliable 
egg-laying places. The potential role of 3M2BA as the sole 
stimulus triggering oviposition preference for Pandanus in 
D. erecta is unlikely. Most probably, it is a combination of 
Pandanus volatiles that guides gravid females to the fruits 
and induces egg-laying. However, an enhanced sensitivity 
towards a host odour with limited availability outside of the 
host, such as 3M2BA, would be evolutionary beneficial. 

4. Conclusion 

Finding an appropriate breeding and feeding site is a crucial 
aspect in an insect's life, because the success of that choice 
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Figure 4. Morphological changes towards a complex of enlarged glomeruli, (a) Reconstruction of female antennal lobes (ALs) of the specialist D. erecta (i) and the 
generalist D. melanogaster (iii). Glomeruli terminology according to Couto [34]. ALs are viewed from medial to lateral. Comparison of the relative volume of the complex 
of enlarged glomeruli (based on the corresponding antennal input — large basiconic sensilla type abl, ab2 and ab3) in D. erecta (blue), and D. melanogaster (red) (ii). The 
four glomeruli were up to 2.5 times enlarged in D. erecta, compared to the morphological structures in D. melanogaster (DM2x 1.73; DM4x 1.71; DM5x 1.6; 
VM5d x 2.5). n = 3 for D. melanogaster, n = 4 for D. erecta. Scale bar = 10 |xm. Dorsal (D), lateral (L). (b) Neuronal backfill of ab3 sensilla in female D. erecta, 
viewed in three different planes of the AL. Labelled axons converge into the region of enlarged glomeruli (upper part). The corresponding planes are displayed in 
the reconstructed AL. Numbers in the paranthesis correspond to the plane (lower part), (c) Relative number of large basiconic sensilla of the four species under inves- 
tigation [4]. Species name abbreviations according to the first three species letters. Total numbers of sensilla are given in parentheses, (d) Influence of 3M2BA in 
combination with spatial information (vertical structures) in oviposition site preference in the specialist D. erecta (i) and the generalist D. melanogaster (ii). Transparent 
bars represent relative number of eggs counted on the plates in total (control, light blue; 3M2BA, pink); solid bars include spatial information (vertical surface; horizontal 
surface; and vertical surface around odour cup). Mean + s.d. Spatial preference of D. erecta and D. melanogaster. vertical medium surface > vertical gap around the 
odour cup > horizontal medium surface [D. erecta, p = 0.003; D. melanogaster, p = 0.002). 3M2BA significantly triggered oviposition in D. erecta, but not in 
D. melanogaster (D. erecta, p = 0.003; D. melanogaster, p > 0.05). Combination 3M2BA and spatial: D. erecta laid significantly more eggs inside the vertical gap 
around the odour cup > vertical medium structure [D. erecta, p < 0.001; D. melanogaster, p > 0.05). Per species, n = 6 cage of 30 flies. 



directly influences the offspring's nutritional intake and conse- 
quential fitness. In this regard, the sense of smell is critically 
important for many insects. Here, we studied the olfactory 
system of the specialist D. erecta, and provide evidence 
for adaptational changes in the insect towards its host and ovi- 
position site, fruits of Pandanus. We not only found D. erecta 
being more sensitive towards host volatiles than its non- 
specialist siblings, we also demonstrate that the antennal 
response spectrum displays the life history rather than the 
phylogenetic relationship of the four flies investigated in this 
study. The higher sensitivity in D. erecta towards host volatiles 
is accompanied by changes in the AL morphology, specifi- 
cally, a complex of enlarged glomeruli. We further 
uncovered the glomerular activation pattern and the receptor 



activation of 3M2BA, a novel Drosophila fruit ligand, which 
seems to play an important role in OSP of D. erecta. 

In conclusion, olfactory adaptations in D. erecta appear to 
have occurred at two levels: first, at the periphery, with an 
increased number of ab3 sensilla; and second (as direct con- 
sequence), a shift towards a complex of enlarged glomeruli 
in the AL. One of these glomeruli, the DM2, is involved in 
processing the Pandanus key compound 3M2BA. Our results 
thus not only support previous findings in the noni fruit 
specialist D. sechellia, but also provide evidence for a general 
pattern of olfactory adaptations in insect -host associations. 

This study was financially supported by the Max Planck Society and the 
Federal Ministry of Education and Research (BMBF grant to S.S.). We 



thank S. Trautheim for help with fly preparations for functional imaging 
experiments, and V. Grabe for assisting the analyses. We further wish to 
thank I. Ibba for help with anterograde-neurobiotin backfills, R. Grandy 
for macros enabled automatization in Excel and G. Kunert for statistic 



analyses of oviposition experiments. Editorial help was provided by 
E. Wheeler. J.L., S.S., B.S.H. and M.C.S. designed experiments, J.L., 
A.B., A.S., H.K.M.D. performed research, J.L. and M.C.S. wrote 
manuscript and B.S.H. revised the manuscript. 



References 

1. Hansson BS, Stensmyr MC. 2011 Evolution of insect 
olfaction. Neuron 72, 698-711. (doi:10.1016/j. 
neuron.201 1.1 1.003) 

2. McBride CS. 2007 Rapid evolution of smell and taste 
receptor genes during host specialization in 
Drosophila sechellia. Proc. Natl Acad. Sci. USA 104, 
4996-5001. (doi:10.1073/pnas.0608424104) 

3. Dekker T, Ibba I, Siju KP, Stensmyr MC, Hansson BS. 
2006 Olfactory shifts parallel superspecialism for 
toxic fruit in Drosophila melanogaster sibling, 

D. sechellia. Curr. Biol. 16, 101-109. (doi:10.1016/j. 
cub.2005.1 1.075) 

4. Stensmyr MC, Dekker T, Hansson BS. 2003 Evolution 
of the olfactory code in the Drosophila melanogaster 
subgroup. Proc. R. Soc. Lond. B 270, 2333-2340. 
(doi:10.1098/rspb.2003.2512) 

5. Ibba I, Angioy A, Hansson B, Dekker T. 2010 
Macroglomeruli for fruit odors change blend 
preference in Drosophila. Naturwissenschaften 97, 
1 059 - 1 066. (doi: 1 0. 1 007/s001 1 4-01 0-0727-2) 

6. Matsuo T, Sugaya S, Yasukawa J, Aigaki T, Fuyama 
Y. 2007 Odorant-binding proteins OBP57d and 
OBP57e affect taste perception and host-plant 
preference in Drosophila sechellia. PLoS Biol. 5, 

el 18. (doi:10.1371/journal.pbio.0050118) 

7. McBride CS, Arguello JR, O'Meara BC. 2007 Five 
Drosophila genomes reveal nonneutral evolution 
and the signature of host specialization in the 
chemoreceptor superfamily. Genetics 177, 
1395-1416. (doi:10.1534/genetics.107.078683) 

8. Whiteman NK, Pierce NE. 2008 Delicious poison: 
genetics of Drosophila host plant preference. 
Trends Ecol. Evol. 23, 473-478. (doi:10.1016/j.tree. 
2008.05.010) 

9. Legrand D, Tenaillon Ml, Matyot P, Gerlach J, Lachaise 
D, Cariou M-L. 2009 Species-wide genetic variation 
and demographic history of Drosophila sechellia, a 
species lacking population structure. Genetics 182, 
1197-1206. (doi:10.1534/genetics.108.092080) 

10. Cariou ML, Solignac M, Monnerot M, David JR. 
1990 Low allozyme and mtDNA variability in 
the island endemic species Drosophila sechellia 
(D. melanogaster complex). Cell. Mol. Life Sci. 46, 
101-104. (doi : 1 0. 1 007/bfOI 955430) 

11. Legrand D, Vautrin D, Lachaise D, Cariou M-L. 2011 
Microsatellite variation suggests a recent fine-scale 
population structure of Drosophila sechellia, a species 
endemic of the Seychelles archipelago. Genetica 139, 
909-919. (doi:1 0.1007/sl 0709-01 1 -9595-8) 

12. Lachaise D, Silvain JF. 2004 How two Afrotropical 
endemics made two cosmopolitan human 
commensals: the Drosophila melanogaster- 

D. simulans palaeogeographic riddle. Genetica 120, 
17-39. (doi:10.1023/B:GENE.0000017627.27537.ef) 



13. Stensmyr MC. 2009 Drosophila sechellia as a model 
in chemosensory neuroecology. Ann. NY Acad. Sci. 
1170, 468-475. (doi:1 0.1 111/j.1 749-6632.2009. 
03911.x) 

14. Lachaise D, Tsacas L. 1974 Les drosophilidae des 
savanes preforestieres de la region tropicale de 
Lamto (Cote-d'lvoire). 2. Le peuplement des fruits 
de Pandanus candelabrum (Pandanacees). Ann. 
Univ. d' Abidjan El, 153-192. 

15. Rio B, Couturier G, Lemeunier F, Lachaise D. 1983 
Evolution d'une specialisation saisonniere chez 
Drosophila erecta (Dipt., Drosophilidae). Ann. Soc. 
Entomol. France 19, 235-248. 

16. Callmander MW, Chassot P, Kupfer P, li PPL. 
2003 Recognition of Martellidendron, a new 
genus of Pandanaceae, and its biogeographic 
implications. Taxon 52, 747-762. (doi:10.2307/ 
3647349) 

17. Stone BC. 1973 A synopsis of the African species of 
Pandanus. Ann. Mo. Bot. Garden 60, 260-272. 
(doi:10.2307/2395087) 

18. Couturier G, Lachaise D, Tsacas L. 1986 Les 
Drosophilidae et leurs gites larvaires dans la foret 
dense humide de Tai en Cote d'lvoire. Rev. Fr. 
d'Entomol. 7, 291-307. 

19. Lachaise D, Tsacas L. 1983 Breeding sites in tropical 
African Drosophilids. In The genetics and biology 
of Drosophila (eds M Ashburner, HL Carson, 

JN Thompson), pp. 221-332. London, UK: 
Academic Press. 

20. Lachaise D, Cariou ML, David JR, Lemeunier F, 
Tsacas L, Ashburner M. 1988 Historical 
biogeography of the Drosophila melanogaster 
species subgroup. Evol. Biol. 22, 159-225. 
(doi:1 0.1 007/978-1 -461 3-0931 -4_4) 

21. Tsacas L, Baechli G. 1981 Drosophila sechellia, n.sp., 
huitieme espece du sous-groupe melanogaster des 
lies Seychelles (Diptera, Drosophilidae). Rev. Fr. 
d'Entomol. 3, 146-150. 

22. Lachaise D. 1974 Les drosophilides des savanes 
preforestieres de la region tropicale de Lamto (Cote- 
d'lvoire). 5. Les regimes alimentaires. Ann. de la 
Soc. Entomol. France 10, 3-50. 

23. Wang JW, Wong AM, Flores J, Vosshall LB, 

Axel R. 2003 Two-photon calcium imaging reveals 
an odor-evoked map of activity in the fly brain. Cell 
112, 271-282. (doi:10.1016/S0092- 
8674(03)00004-7) 

24. Tian L et al. 2009 Imaging neural activity in worms, 
flies and mice with improved GCaMP calcium 
indicators. Nat. Methods 6, 875-881. (doi:10.1038/ 
nmeth.1398) 

25. Arn H, Stadler E, Rauscher S. 1975 The 
electroantennographic detector — a selective and 



sensitive tool in the gas chromatographic analysis of 
insect pheromones. I. Naturforsch. 30c, 722-725. 

26. Stokl J, Strutz A, Dafni A, Svatos A, Doubsky J, 
Knaden M, Sachse S, Hansson BS, Stensmyr MC. 
2010 A deceptive pollination system targeting 
Drosophilids through olfactory mimicry of yeast. 
Curr. Biol. 20, 1846-1852. (doi:10.1016/j.cub.2010. 
09.033) 

27. Schindelin J. et al. 2012 Fiji: an open-source 
platform for biological-image analysis. Nat. Meth. 9, 
676-682. (doi:10.1038/nmeth.2019) 

28. Ngumbi E, Chen L, Fadamiro H. 2009 Comparative 
GC-EAD responses of a specialist (Microplitis 
croceipes) and a generalist (Cotesia marginiventris) 
parasitoid to cotton volatiles induced by two 
caterpillar species. J. Chem. Ecol. 35, 1009-1020. 
(doi : 1 0. 1 007/sl 0886-009-9700-y) 

29. Clarke KR. 1993 Non-parametric multivariate 
analyses of changes in community structure. 
Aust. J. Ecol. 18, 117-143. (doi:10.1111/j.1442- 
9993.1993.tb00438.x) 

30. Hammer 0, Harper DAT, Ryan PD. 2001 PAST: 
paleontological statistics software package for 
education and data analysis. Palaeontol. Electron. 

4, 9. 

31. Strutz A, Voller T, Riemensperger T, Fiala A, Sachse 

5. 2012 Calcium imaging of neural activity in the 
olfactory system of Drosophila. In Genetically 
encoded functional indicators (ed. J-R Martin), 
pp. 43-70. Totowa, NJ: Humana Press. 

32. Stensmyr Marcus C et al. 2012 A conserved 
dedicated olfactory circuit for detecting harmful 
microbes in Drosophila. Cell 151, 1345-1357. 
(doi:10.1016/j.cell.2012.09.046) 

33. Wu JS, Luo L. 2006 A protocol for dissecting 
Drosophila melanogaster brains for live imaging or 
immunostaining. Nat. Protoc. 1, 2110-2115. 
(doi:10.1038/nprot.2006.336) 

34. Couto A, Alenius M, Dickson BJ. 2005 Molecular, 
anatomical, and functional organization of the 
Drosophila olfactory system. Curr. Biol. 15, 
1535-1547. (doi:10.1016/j.cub.2005.07.034) 

35. R Development Core Team 2012 R: a language and 
environment for statistical computing. Vienna, 
Austria: R Foundation for Statistical Computing. 

36. Stensmyr MC, Giordano E, Balloi A, Angioy A-M, 
Hansson BS. 2003 Novel natural ligands for 
Drosophila olfactory receptor neurones. J. Exp. Biol. 
206, 715-724. (doi:10.1242/jeb.00143) 

37. Vahirua-Lechat I, Menut C, Roig B, Bessiere JM, 
Lamaty G. 1996 Isoprene related esters, significant 
components of Pandanus tectorius. Phytochemistry 
43, 1277-1279. (doi: 1 0.101 6/s0031 -9422(96) 
00386-x) 



38. Park KC, Ochieng SA, Zhu J, Baker TC. 2002 Odor 
discrimination using insect electroantennogram 
responses from an insect antennal array. Chem. Senses 
27, 343-352. (doi:10.1093/chemse/27.4.343) 

39. Chen L, Fadamiro HY. 2007 Differential 
electroantennogram response of females and males of 
two parasitoid species to host-related green leaf 
volatiles and inducible compounds. Bull. Entomol. Res. 
97, 515-522. (doi:10.1017/s0007485307005172) 

40. Vosshall LB, Wong AM, Axel R. 2000 An olfactory 
sensory map in the fly brain. Cell 102, 147-159. 
(doi : 1 0. 1 01 6/S0092-8674(00)00021 -0) 



41. Laissue PP, Reiter C. 1999 Three-dimensional 
reconstruction of the antennal lobe in Drosophila 
melanogaster. J. Comp. Neurol. 405, 543-552. 
(doi:10.1002/(SICI)1096-9861(19990322)405: 
4<543::AID-CNE7>3.0.CO;2-A) 

42. Dobritsa AA, van der Goes van Naters W, Warr CG, 
Steinbrecht RA, Carlson JR. 2003 Integrating the 
molecular and cellular basis of odor coding in the 
Drosophila antenna. Neuron 37, 827-841. (doi:10. 
1016/S0896-6273(03)00094-1) 

43. Fishilevich E, Vosshall LB. 2005 Genetic and 
functional subdivision of the Drosophila antennal 



lobe. Curr. Biol. 15, 1548-1553. (doi:10.1016/j.cub. 
2005.07.066) 

44. Richmond RC, Gerking JL. 1979 Oviposition site 
preference in Drosophila. Behav. Genet. 9, 233-242. 
(doi: 1 0.1 007/BF01 071 304) 

45. Schwartz NU, Zhong L, Bellemer A, Tracey WD. 2012 
Egg laying decisions in Drosophila are consistent 
with foraging costs of larval progeny. PLoS ONE 7, 
e37910. (doi:10.1371/journal.pone.0037910) 

46. Palmer CR, Kristan Jr WB. 201 1 Contextual modulation 
of behavioral choice. Curr. Opin. Neurobiol. 21, 
520-526. (doi:10.1016/j.conb.2011.05.003) 



